Isotopic analysis of conodonts and their host limestones sampled between two regionally extensive, altered volcanic ash layers in eastern Laurentia shows that a 454 Ma epeiric sea maintained large lateral differences in Nd and C isotope compositions. This is consistent with inferred temperature-salinity-defined epicontinental water masses and restricted circulation between epicontinental and oceanic environments. Because the majority of old marine fossils and sedimentary rocks are known from epeiric seas, some isotope excursions in ancient marine strata may originate from expansion and contraction of geochemically distinct epicontinental water masses, rather than global-scale changes in the state of the earth-ocean system.
INTRODUCTION
The record of marine sedimentary rocks older than in situ oceanic crust is predominantly known from epicontinental deposits, which formed during periods of high relative sea level, in ancient epeiric seas. The extent to which the composition of epeiric seawater reflects the chemistry of its deep-ocean sources has not been adequately addressed. Nevertheless, sedimentary units laid down in such seas are commonly used to monitor secular change in the chemistry of the much larger earth-ocean system on geologic time scales (e.g., Claypool et al., 1980; Veizer et al., 1986; Knoll et al., 1986; Keto and Jacobsen, 1987) . This approach assumes that the epicontinental environment exerted little influence on the chemistry of epeiric seawater-despite the high continentality and exceedingly shallow depths of these seas relative to contemporaneous oceans-and disregards factors such as climate, seawater circulation, and proximity to freshwater inputs, which may influence the chemical and isotopic compositions of small volumes of seawater.
In this paper, we present isotopic data for Nd in conodonts, and for C in their host limestones, sampled between the 454 Ma Millbrig and Deicke K-bentonites, which have been correlated throughout eastern Laurentia by geochemical fingerprinting, wireline logs, and phenocryst content (Kolata et al., 1996) . Since K-bentonites are altered volcanic ash beds deposited over a period of days to weeks, they provide unprecedented time resolution allowing potential geographic variation in geochemical signatures to be examined. Most samples were collected between the two K-bentonites, which have the same radiometric age within uncertainties, but are separated stratigraphically by 0.40 to 15 m; a range that reflects differences in net rock accumulation (cf. Leslie and Bergström, 1997) .
BACKGROUND AND MATERIALS
In the modern oceans, Nd has a short seawater-residence time (~300 yr) compared to oceanic mixing times (~1000 yr) and an isotopic composition that reflects input from continental weathering through riverine transport (Piepgras and Wasserburg, 1980) . Because the ε Nd value of continental crust is age dependent, differences in ε Nd exist between different oceans because the mean age of continental crust composing the watershed to each ocean basin is different.
Conodonts are mineralized elements (carbonate-fluorapatite) of the feeding apparatus of a small, extinct, eel-like animal. Conodonts contain high concentrations of Nd that were acquired postmortem, at or very near the sediment-seawater interface (Bernat, 1975) . Studies of Cenozoic ichthyoliths (Staudigel et al., 1986) provide strong evidence that biogenic apatites of all ages record the ε Nd value of seawater originally overlying the depositional site (Grandjean et al., 1987; Holmden et al., 1996) . Nd isotopes in fossil apatites and metalliferous crusts have been used to (1) infer the ε Nd value of ancient seawater (e.g., Hooker et al., 1981) , (2) monitor the tectonic evolution of ocean basins through the secular evolution of seawater ε Nd (e.g., Keto and Jacobsen, 1987) , and (3) document changing ocean circulation patterns (Stille, 1992) .
In contrast to ε Nd values, the δ 13 C value of dissolved inorganic carbon (DIC) is fairly uniform in the recent open oceans (0.5‰ to 1.5‰ PDB in the surface mixed layer; Kroopnick, 1985) . The very small differences observed are caused by local variations in biotic productivity and respiration and in particulate carbonate dissolution. Much greater isotopic variation is observed in semirestricted, shallow-water environments because decreased water volumes and longer water-residence times magnify DIC contributions from isotopically distinct sources (e.g., Lloyd, 1964; Patterson and Walter, 1994) . Carbon isotopes in epeiric sea limestones have been used to construct a secular δ 13 C curve for Phanerozoic seawater (e.g., Holser et al., 1986) which forms the basis for (1) chemostratigraphic correlation of sedimentary successions (e.g., Knoll et al., 1986) , (2) geochemical analysis of patterns in biotic evolution (e.g., Derry et al., 1992) , and (3) elucidation of environmental causes of biotic mass extinctions (e.g., Magaritz, 1989) .
MILLBRIG-DEICKE TIME SLICE
The isotopic map in Figure 1 represents a single time slice in the evolution of the epicontinental Mohawkian sea and its surrounding crustal mass, which included low-relief islands of the Precambrian shield to the north and younger uplifted crust of the Taconic orogen to the east. Systematic variations of ε Nd -spanning 18 epsilon units-correlate with differences in age of the surrounding continental crust, as expected if rivers were the dominant source of dissolved seawater Nd. This correlation is shown by comparing two-stage Nd model ages for conodonts (T DM2 ) with single-stage model ages (T DM ) for crust of the Transcontinental arch and Taconic orogen. The conodont T DM2 age corrects for the small fractionation of Sm/Nd in seawater relative to potential crustal sources (cf. Keto and Jacobsen, 1987) . The western reaches of the Mohawkian sea yielded T DM2 ages of 2.1-2.7 Ga, consistent with fluvial transport of Nd from the Transcontinental Arch (T DM = 2.0-2.3 Ga) and Canadian Shield (T DM = 2.7 Ga) (Fig. 1 ). In the eastern Mohawkian sea, T DM2 ages are 1.7-1.9 Ga (UF-9 and MB-1), consistent with 1.7-2.1 Ga T DM ages for clastic sedimentary units eroded from the Taconic orogen (Gleason et al., 1994; Anderson and Samson, 1995) . The strong correlation between conodont and crustal ε Nd values indicates that contamination of the conodonts with bentonite-derived Nd (-5 epsilon units; Samson et al., 1989 ) is negligible (cf. Holmden et al., 1996) .
Our best estimate for the Iapetus ocean signature (i.e., ε Nd = -0.6) is derived from Mohawkian conodonts of the B. gerdae Subzone (A. tvaerensis Zone) belonging to a continental-margin, slope-rise deposit in Scotland (part of eastern Laurentia in the Mohawkian). This signature is corroborated by measurements of metalliferous crusts (ε Nd = -2 to -5) preserved on Iapetus ocean pillow basalts belonging to the 490 Ma Ballantrae ophiolite (Hooker et al., 1981) . The less negative Iapetus ocean signature contrasts sharply with the very negative ε Nd values of the epicontinental Mohawkian sea. Only in the very extreme southeast corner of the Mohawkian sea is isotopic overlap with the Iapetus ocean evident (Fig. 1) . Clearly, the strong regional control exerted by the epicontinental environment on the Nd isotope composition of epeiric seawater complicates the use of sedimentary rocks from epeiric seas in the construction of Nd isotope secular curves for adjacent, contemporaneous oceans (e.g., Keto and Jacobsen, 1987) .
C isotopes in limestones likewise exhibit large differences in isotopic composition (4‰) across the Mohawkian sea (Fig. 2) , indicative of differences in inferred δ 13 C DIC of epeiric seawater. These differences are much larger than in the oceans today and are not random; more negative δ 13 C values occur in the western part of the Mohawkian sea, and more positive values are found in the east. Although some diagenetic disturbance of the original whole-rock δ 13 C value is possible, the observed geographic pattern suggests that broad differences in original environmental signatures are preserved.
AQUAFACIES OF THE MOHAWKIAN SEA
We suggest that many ancient epeiric seas were composed of numerous temperature-salinity-defined water masses which may be deduced from geochemical, lithological, and biological attributes of their deposits. 1 We introduce, therefore, the concept of "aquafacies" as a tool for categorization of these rock attributes because they are traceable to characteristics of the original depositional waters.
In the Mohawkian sea, three aquafacies are identified: (1) the Midcontinent aquafacies with very negative ε Nd values of -15.4 ± 2.6, low Sm/Nd ratios of 0.19 ± 0.01, negative δ 13 C values of -0.6‰ ± 1.3‰, wackestone-packstone (± green shale) lithologies, and conodonts representing the Midcontinent faunal region (MFR); (2) the Taconic aquafacies with less negative ε Nd values of -7.5 ± 2.3, high Sm/Nd ratios of 0.26 ± 0.04, positive δ 13 C values of +2.2‰ ± 0.2‰, calcareous dark shale and wackestone lithologies, and many conodonts representing the Atlantic faunal region (AFR); and (3) the Southern aquafacies with Sm/Nd ratios and Nd and C isotope values overlapping the Taconic aquafacies (Fig. 2) , but rock types and conodont fauna overlapping the Midcontinent aquafacies. The spatial distribution of aquafacies mirrors differences in basin physiography. The Taconic aquafacies is confined to the trough-like Taconic foreland basin, whereas the Midcontinent and Southern aquafacies denote shallow-water carbonate platforms (Fig. 1) .
The coincident geochemical and faunal patterns are an important demonstration that the observed isotopic differences are linked to the original water mass structure of the Mohawkian sea because the biota are sensitive to differences in temperature, and possibly salinity. Midcontinent waters were warm and shallow; Nd isotope compositions were controlled by freshwater runoff from the Transcontinental arch and Precambrian shield, and negative C isotope compositions possibly reflect high contributions of 12 C-enriched DIC from rivers and sediment pore waters (e.g., 568 GEOLOGY, June 1998 Patterson and Walter, 1994; Jacobsen et al., 1995) . In contrast, dark shales of the Taconic foreland basin suggest that depositional waters of the Taconic aquafacies were density stratified with warm, low-salinity surface waters underlain by cooler, higher-salinity deep waters (Hay and Cisne, 1988) . Nd isotope compositions were controlled by riverine discharges from the Taconic orogen, and positive δ 13 C values likely originated from biological pumping of 12 C-enriched organic C from surface waters to deep waters where the organic matter was preserved in sediments. The unique ε Nd signature of Taconic waters compared to adjacent Midcontinent and Iapetus ocean waters suggests that Taconic waters formed a northsouth-trending seaway confined to the foreland basin trough and bounded to the east by mountains of the Taconic orogen. Although the Taconic and Southern aquafacies have identical geochemical signatures, the latter belongs to the shallow-water carbonate platform. The geochemical signatures of the Southern aquafacies denote either (1) a zone of mixing between Midcontinent and Iapetus ocean waters, or (2) penetration of the carbonate platform by near surface waters of the Taconic foreland basin. The geochemical, faunal, and lithological patterns observed across the Mohawkian sea are evidence of sluggish or restricted seawater circulation within epeiric seas and between epeiric seas and adjacent oceans. Although the oceans are the source of water that inundated the continents, our results show that chemical signatures of ocean water can be modified in the epicontinental environment. The isotope systems most likely affected are those with low seawater-residence times (Nd isotopes), biologically influenced elements (C and S isotopes), and isotope systems affected by changes in water temperature and salinity (O isotopes).
IMPLICATIONS FOR ISOTOPE SECULAR CURVES
Lateral variations in geochemical aquafacies denoting contemporaneous and adjacent epicontinental water masses will be preserved in marine strata as a vertical trend, reflecting the expansion and contraction of geochemically distinct epeiric seawater masses through time. In many cases, these stratigraphic trends will correspond with changes in lithofacies and biofacies. Therefore, the interpretation of isotope profiles in old marine sedimentary rocks is complicated not only by preservational concerns that are generally well appreciated, but also by local paleoenvironmental influences that are difficult to constrain and, therefore, often ignored.
The possibility of facies control on the origin of a positive C isotope excursion occurring just above the studied time slice was recognized by Hatch et al. (1987) in Iowa, where pre-excursion δ 13 C values are -2‰ and rise to a maximum of +1.5‰ in the Decorah Formation, and by Patzkowsky et al. (1997) in Pennsylvania, where pre-excursion δ 13 C values are +1‰ and rise to a maximum of +3‰ in the Salona Formation (see Fig. 1 ). Both stratigraphic sections include the Millbrig-Deicke K-bentonites within the studied interval. In the context of Taconic and Midcontinent aquafacies of the Mohawkian sea, the magnitude and timing of both positive δ 13 C excursions can be explained by the westward expansion of Taconic surface waters onto the carbonate platform during sea-level rise. Higher δ 13 C values in Pennsylvania suggest that the transgression caused expansion of oxygendeficient deep waters within the foreland basin, which resulted in increased organic C burial and greater 13 C-enrichment of DIC in Taconic surface waters. Because the Iowa site is much farther from the Taconic seaway source of 13 C-enriched waters, it records a less positive δ 13 C shift.
The Mohawkian C isotope excursion appears to record an oceanographic event that is restricted to sedimentary units east of the Transcontinental arch because two coeval stratigraphic sections west of the arch in Nevada show no C isotope shifts (Jacobsen et al., 1995) . The isotope excursion is correlated with eastern Laurentian migrations of brachiopods, calcareous algae, corals, and bryozoans (Patzkowsky and Holland, 1993) . AFR conodonts also migrated westward onto the carbonate platform, tracking lithofacies changes that accompanied the transgression (Leslie, 1995) . The displacement of Midcontinent waters by Taconic surface waters is mirrored by the regional homogenization of ε Nd signatures in post-Millbrig, Mohawkian clastic sedimentary rocks (-6 to -9) (Gleason et al., 1994) , as is expected if Taconic waters expanded westward.
Other studies support the concept of restricted circulation within epeiric seas and between epeiric seas and bordering oceans. Decoupling of Nd isotope compositions between a Tertiary epicontinental sea and the paleo-Atlantic Ocean is evident in Grandjean et al. (1988) for marine sedimentary rocks of the West African platform. Lewan (1986) showed that amorphous kerogens extracted from epeiric sea carbonates are significantly enriched in 12 C relative to modern oceanic equivalents. The difference was attributed to recycling of 12 C-enriched organic carbon in restricted-marine environments. Patterson and Walter (1994) showed that δ 13 C DIC in seawater overlying the Bahamas carbonate platform is depleted in 13 C by as much as 4‰ compared to DIC in the bordering Atlantic Ocean; Lloyd (1964) showed similar depletion in Florida Bay. Holser (1971) Ia p e tu s o c e a n M o h a w k i a n s e a circulation in epeiric seas to explain some positive δ 34 S excursions in ancient marine sedimentary rocks. An explanation for the prevalence of low-δ 18 O carbonates in Paleozoic and older strata (Veizer et al., 1986 ) that does not conflict with constraints derived from O isotope exchange between seawater and the oceanic crust (Muehlenbachs and Clayton, 1976 ) is that many limestone-producing epeiric seas were warm (25-30°C) and brackish (29‰-18‰ salinity) compared to contemporaneous oceans. Changing seawater-circulation patterns within the epeiric sea environment and mixing with bordering oceans (constant in δ 18 O and salinity) can account for secular aspects of the δ 18 O record of marine limestones that are otherwise difficult to explain (Gregory, 1991) .
CONCLUSIONS
Because of the superior time resolution of the correlated K-bentonite framework, a new dimension in the oceanography of old marine systems has been revealed. Ancient epeiric seas can maintain lateral differences in their Nd and C isotope compositions that are consistent with the existence of temperature-salinity-defined water masses deduced from sedimentary rock aquafacies. The facies approach emphasizes that original lateral variations in seawater chemical signatures can ultimately be preserved as a stratigraphic trend denoting past expansion and contraction of epicontinental water masses. Care must be taken, therefore, to discriminate local environmental influences from global events when interpreting geochemical trends in ancient marine sedimentary rocks.
